The genome of the rat cytomegalovirus (RCMV) English isolate (MuHV-8) differs significantly from the RCMV Maastricht isolate (MuHV-2) and other cytomegaloviruses (CMVs) in its size, base composition and genomic content. Analysis of the RCMV-Berlin isolate, MuHV-8, revealed that the two MuHV-8 isolates are highly similar in genome size and content, indicating that the smaller genome size (202 946 bp) compared to other known CMVs was not the result of an accidental deletion during passage in tissue culture. Surprisingly, the proteins encoded in MuHV-8 shared more overall similarity with their orthologues from mouse CMV (MuHV-1) compared to their orthologues in rat CMV (MuHV-2). Phylogenetic analyses of conserved viral genes showed that the two MuHV-8 isolates are from the same species and represent a unique clade that is distinct from other rodent CMVs.
The evolution of cytomegaloviruses (CMVs) over a very long period of time has presumably led to extensive adaptation to their hosts and a high degree of host specificity, resulting in a large variety of species. Multiple CMVs have been isolated from rats (Bruggeman et al., 1982; Priscott & Tyrrell, 1982; Smith et al., 2004) , but only the Maastricht and English isolates of rat cytomegalovirus (RCMV; RCMV-M/MuHV-2 and RCMV-E/MuHV-8, respectively), both derived from Rattus norvegicus, have been well characterized. Analyses of genome sizes, growth characteristics and genome sequences revealed that these viruses represent two highly diverged species rather than just different strains (Beisser et al., 1998; Vink et al., 2000; Voigt et al., 2005) . Here, we compare the genomic organization and coding capacity of MuHV-8 with MuHV-2 and MuHV-1. Furthermore, we report additional relevant data from a newly isolated RCMV designated RCMV-Berlin.
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Overall 166 and 170 ORFs were predicted in the genomes of MCMV and RCMV-M, respectively (Rawlinson et al., 1996; Vink et al., 2000) . In contrast, only 138 ORFs could be identified in the RCMV-E genome. The lower coding capacity by almost 30 ORFs is probably connected with the virus's smaller genome size. Despite its smaller genome size and reduced number of ORFs, RCMV-E possesses 110 ORFs, which are orthologous to ORFs present in both mouse CMV (MCMV) and RCMV-M.
Among the three viruses, six major diverged loci exist (Fig.  1b) . Locus 1 at the left terminus of MCMV encompasses 21 kbp of extra unique sequence compared to RCMV-E (7.5 kbp) and 25 kbp compared to RCMV-M (9 kbp). Locus 2 contains the largely non-coding ori-lyt region between E57 and E69, which spans 3.7 kbp in RCMV-E, 4 kb in RCMV-M and 4.3 kb in MCMV. Locus 3 is a 4.5 kbp insert encompassing four extra genes (R70.2, R70.3, R70.4 and R70.5) in RCMV-M, which are absent from the other two viruses. Eleven kilobase pairs in RCMV-M, 9 kbp in MCMV and 5.8 kbp in RCMV-E represent a poorly conserved locus (locus 4) that occupies a position between e/r/m105 and e/r/ m112 equivalent to the stable 5 kbp intron in HCMV. Locus 5 is another poorly conserved region, located upstream and downstream from the MIE region from e/r/m119.2 to e/r/ m127; it covers 14 kbp in RCMV-E, 20 kbp in MCMV and 13 kbp in MCMV. Finally, locus 6 is a highly diverged block at the right terminus beyond e/r/m144 representing 30 kbp in RCMV-E, 32 kbp in RCMV-M and 26 kbp in MCMV. Also, seven direct DNA repeats (DR1 to DR7) and one inverted repeat (IR1) were detected. The DR1-DR6 repeats are located within intergenic regions at positions 72-75 kbp and 133-34 kbp, whereas DR7 is located at the right genome terminus. Similar to MCMV and RCMV-M, the RCMV-E genome lacks terminal reiterations.
Moreover, the genomic DNA G+C content of RCMV-E (46.5 %) was much lower compared to RCMV-M (61.0 %) and MCMV (58.7 %). The whole genome alignment of several CMVs (including RCMV-M, MCMV and HCMV) revealed a conserved region of low G+C content in the right third of each genome; it has been speculated that this region appeared in a common ancestor of these viruses (Gatherer, 2008) . In contrast, RCMV-E lacks this region of low G+C content indicating a possible early evolutionary divergence, although the right third of the genome has a slightly lower G+C content compared to the rest of the genome as shown in Fig. 1(c) .
New transcriptome analyses and in silico approaches have led to additions and revisions to the gene annotation of different cytomegaloviruses and identified a large number of potential new transcripts and protein initiation sites (Brocchieri et al., 2005; Stern-Ginossar et al., 2012) . Indepth analysis of the HCMV genome by Stern-Ginossar et al. (2012) revealed more complex issues for HCMV with regard to alternative initiator start codons, internal ORFs and shorter novel ORFs that might also apply to rodent CMVs. We assessed whether some of the same small active genes predicted from the rRNA profiling data by SternGinossar et al. (2012) are present in RCMV-E but found that only few are conserved between HCMV and RCMV-E (data not shown). The discrepancy between previously predicted ORFs and the large number of additional identified ORFs seems to be the consequence of the polycistronic nature of CMV transcripts. Table 1 lists all the traditional ORFs identified in the complete RCMV-E genome (Ettinger, et al., 2012 ) and displays the protein identity level compared with RCMV-M and MCMV and groups the different ORFs into their corresponding gene family. By performing a motif scan in the conserved domain database (Marchler-Bauer et al., 2011), we identified members of the US22, UL25, UL82, G protein-coupled receptor (GPCR) and m145 gene families. The RCMV-E genome encodes 13 members of the US22 gene family (E23, E24, e25.1, e25.2, E26, E36, E43, e128, e139, e140, e141, e142 and e143). Members of this family share four conserved sequence motifs (Chee et al., 1990) and several gene products are components of the viral tegument. Based on BLAST analysis, E25, E35 and E77 fit into this category, whereas E82, E83 and E84 of RCMV-E were identified as members of the UL82 family. Similar to RCMV-M and MCMV, two proteins of RCMV-E (E33 and E78) exhibited sequence similarity to the GPCR family characterized by the presence of seven transmembrane domains. The m145 family is characterized by sequence similarity and it has been speculated that its members interfere with the function of natural killer cells. Based on sequence identity, the seven ORFs e152, e152.1, e152.2, e153, e153.1, e155 and e155.1 were grouped into this family.
Remarkably, most RCMV-E ORFs shared a higher amino acid identity with MCMV than RCMV-M [at both the protein and the nucleotide sequence level (data not shown)]. By contrast, RCMV-E encoded two orthologues of C-type lectin-like proteins, RCTL and RCTL2 (Ettinger et al., 2012; Voigt et al., 2007) , which are absent in MCMV but share 48.8 and 26.8 % amino acid sequence similarity, respectively, with the only C-type lectin-like protein encoded by RCMV-M, the product of the r153 gene (Brocchieri et al., 2005) . Twenty RCMV-E ORFs lacked orthologues in other CMVs including isolates from wild mice strains (Smith et al., 2008) . The gene products of 2 of English and Berlin RCMV isolates form an ancient clade these 20 putative ORFs displayed high sequence similarity to cellular proteins, thereby implying that they were likely captured from the host. These included an orthologue of the C-chemokine XCL1 (vXCL1) (Geyer et al., 2014) , and an orthologue of CD200 or OX2 (e127 or vOX2) (FosterCuevas et al., 2011; Voigt et al., 2005) . The remaining 18 ORFs represented orphan ORFs that were only present in RCMV-E and are annotated 'ORF9 with a given number. Four ORFs, e113, e124, ORF6 and ORF16 were annotated although they did not meet all of the defined criteria. The ORFs e113 and e124 lack an ATG start codon, however, these ORFs showed high sequence similarity to the MCMV ORFs m113 and m124, respectively. Furthermore, ORF6 and ORF16 are smaller than 300 nt and did not meet the criteria for a significant sequence identity (e-value ,0.001) to other proteins in the NCBI database.
Our analysis of RCMV-E, compared to the reinterpretations and corrections to the original annotations of MCMV and RCMV-M (Brocchieri et al., 2005) , confirmed that seven of the 14 new bolded ORFs in MCMV and 11 of the 17 new bolded ORFs in RCMV-M are valid by the criterion of being shared with the RCMV-E genome. Specifically, the newly identified ORFs shared between RCMV-E and MCMV were M31b, m38.5, m41.1, M73.5e2, m116.1, m120.1 and m143b, but not m20b, m141.2, m122.5, m122.6, m143b, m154.1, m154.2 and m163.1. Similarly, RCMV-E and RCMV-M shared the newly identified ORFs r25.3b, R27a, r38.5, r41.1, r48.2, R71, R73.5e2, R98a, R102b, r124.1, r132e2 as well as a differently located version of r153e1-4, but not r2.2, r4, R23a, r115.1 and r169.1.
The fact that RCMV-E has a substantially smaller genome compared with other known CMVs might suggest that the virus lost part of its genome during passage in cell culture, similar to such reports for the HCMV strains AD169 and Towne (Cha et al., 1996) . To address this point and see if a virus similar to RCMV-E is present in wild rats, we sought to isolate CMV from rats (R. norvegicus) caught for rodenticide efficacy testing in Berlin, Germany. To do so, salivary glands were minced and rat embryo fibroblasts were inoculated. Ten days after inoculation, when cytopathogenic effects were visible, supernatants were harvested and the virus purified by limiting dilution. We identified a virus designated RCMV-Berlin (RCMV-B; GenBank accession number KP202868), which closely resembles RCMV-E in virion morphology and growth kinetics as shown in Fig.  2(a, b) . Whole genome sequencing performed as described previously (Ettinger et al., 2012) revealed that RCMV-E and RCMV-B share overall 98.1 % genomic pairwise identity with most divergence occurring at the genome termini where 195026-195149 e168.5 ex3 C 195246-195346 e168.5 ex2 C 195419-195615 e168.5 ex1 C 195721-195847 ORF 10 196230-196973 247 ORF 11 197058-197603 181 ORF 12 197785-198423 212 ORF 13 C 198634-198996 120 ORF 14 198887-199333 148 ORF 15 C 199447-199647 66 ORF 16 C 200230-200565 111 ORF 17 C 201027-201377 116 ORF 18 C 201421-201894 157 *By definition, ORFs with orthologues in HCMV are capitalized, the suffix 'ex' depicts exons of spliced genes. DD, Direction of ORFs on the complementary strand are marked 'C'. dComparison of amino acid identity between RCMV-E (NC_019559.1), MCMV (NC_004065) and RCMV-M (AF232689). E116.1 matches r115.1; E120.1 matches r119.4 and both e1.5 and e168.5 match r153. §Indicate the lack of an ATG start codon. Grey background highlights orthologues with the highest identity. DURP, Deoxyuridine triphosphatase-related protein family. Numbers in bold indicate ORFs that were identified based on the corrections made by Brocchieri et al. (2005) . Table is (Fig. 2c) . The isolation of a very closely related virus that has been passaged four times in cell culture and possesses a similarly sized fully collinear genome with high sequence identity to RCMV-E indicates that the 202 kbp genome size of the prototype MuHV-8, RCMV-E, is likely authentic and not the result of a deletion during cell culture passage. MuHV-8 may have captured unique cellular genes to compensate for the smaller genome size and coding capacity. A detailed comparison shows that all of the same 110 genes orthologous to MCMV and RCMV-M found in RCMV-E were also identified in RCMV-B. All of the remaining 20 ORFs that had no orthologues in the other rodent CMVs were also detected, however, some of these ORFs showed a higher degree of variability compared to the rest of the genome. Similar to RCMV-E, RCMV-B also contained two C-type lectin-like genes, a C-chemokine and a vCD200 orthologue. At the protein level, the greatest divergence between these two viruses was seen in e1.5 (RCTL; 74.6 % identity), e.152.2 (64.7 % identity), e156.5 (vXCL1; 83.3 % identity) and e159 (60.3 % identity), which are located close to the ends of the genome. To determine how RCMV-E and RCMV-B differ from other members of the Betaherpesvirinae, several conserved genes were selected for analysis from the alignment and compared by phylogenetic analysis (Fig. 2d-f ) using Gblocks (Talavera & Castresana, 2007) implemented in SeaView (Gouy et al., 2010) . ProtTest3 (Abascal et al., 2005) selected the LG-matrix with a gamma distribution (+G) as the best fitting amino acid substitution model for all alignments. The JModelTest software, version 2.1.5 (Darriba et al., 2012) , determined GTR+G as the best fitting substitution model for the alignment of the 294 bp nucleotide sequence. Maximum-likelihood analysis was performed using the program PhyML, version 3.0 (Guindon & Gascuel, 2003) . Support values for the internal nodes were inferred by 1000 bootstrap replicates. Caviid herpesvirus 2 (CavHV-2) was outgrouped to determine the root of the phylogenetic tree. The topology of the viral DNA polymerase (Fig. 2d) , glycoprotein B (Fig. 2e) and the viral DNA helicase (Fig. 2f ) phylogenetic trees were consistent with the taxonomy of the Betaherpesvirinae and divided the viruses into the genera Cytomegalovirus, Muromegalovirus and unassigned. As expected, RCMV-E and RCMV-B are closely related to MCMV and RCMV-M and are distinct from members of the Cytomegalovirus genus and CavHV-2. In addition to MuHV-8 and MuHV-2, other RCMVs have been isolated from wild rats of the species R. norvegicus and Rattus rattus in Australia (Smith et al., 2004) . Since the complete sequence information of these viruses is not available, a published 294 bp-stretch of the Australian isolates was compared to the corresponding 294 bp of RCMV-E and RCMV-B (Fig. 2g) . RCMV-E and RCMV-B grouped with the Australian virus isolates RN1 and RR3 and were separate from RCMV isolate RR5, which seemed to be more closely related to RCMV-M. Low bootstrap values for the phylogenetic analysis of several other conserved viral proteins (terminase subunit and major capsid protein; data not shown) meant they could not contribute to the overall conclusions about the relatedness of MuHV-8 with the two other CMVs. The results of relative phylogenetic positions from the individual trees shown in Fig. 2 are contradictory as to whether RCMV-E/B is more closely related to MCMV or RCMV-M. Depending on the protein analysed, MuHV-8 appeared to be more closely related to RCMV-M [DNA polymerase; Fig. 2(d) ] or MCMV [DNA helicase; Fig. 2(f) ]. However, Fig. 2(e, g) show that MCMV and RCMV-M are more closely related to each other than to MuHV-8. However, the greater overall number of better matches between MuHV-8 and MCMV shown in Table 1 indicates that these two viruses are closer evolutionary orthologues than MuHV-8 and RCMV-M, whereas the outcome of the individual phylogenetic trees are dependent on the protein analysed.
Although RCMV-M and RCMV-E/B were isolated from the same rat species, they differ extensively in nucleotide sequence and were assigned as distinct viruses. The divergence in genomic sequence is also reflected by different growth characteristics of the two viruses in vivo (Bruggeman et al., 1985; Huang et al., 1996; Priscott & Tyrrell, 1982) and in vitro (Bruggeman et al., 1982; Huang et al., 1996) . Despite different temporal and geographical isolation of multiple MCMV strains, their genomes were found to have low levels of nucleotide variation (Smith et al., 2013) . Similar near identity was obtained for RCMV-E and RCMV-B. These two strains of the same virus species share almost all of their genomic sequence (average level of 98 % identity or higher), whereas they exhibit highly significant strain divergence in just four variable proteins, which is typical of the type of strain subtype variability observed extensively within HHV-5.
In conclusion, RCMV-E/B and RCMV-M appear to have separated in ancient times and based on the prediction that rats and mice diverged at least 25 million years ago (Nei et al., 2001) , it can be assumed that MCMV and RCMV-M diverged long before rats and mice did, whereas MCMV and RCMV-E/B may have diverged together with their mouse and rat hosts.
